We investigated the effect of heliox-powered albuterol therapy on hospital length of stay and clinical status in children with moderate to severe status asthmaticus.
INTRODUCTION
The physician will be able to better select the manner to deliver albuterol in children with moderate to severe status asthmaticus.
Asthma is one of the most common reasons children require hospitalization in the United States (1), accounting for two million emergency department (ED) visits, 500,000 hospitalizations, and nearly $6 billion in total healthcare expenditures on an annual basis (2-6). Status asthmaticus is an acute condition of progressively worsening bronchospasm and respiratory dysfunction resulting from asthma, which is unresponsive to conventional therapy (oxygen, nebulized ␤ 2 -adrenergic agonists, and corticosteroids). Although recent trends suggest that the incidence of childhood asthma may have reached a plateau, asthma morbidity and mortality continue to rise (1, 5, (7) (8) (9) (10) (11) . As a result, there is continued interest in the identification and development of treatment strategies to improve the outcome of children hospitalized with status asthmaticus.
Barach (12) first described the clinical use of helium-oxygen mixtures (heliox) as a potential therapy for asthma in 1935. Heliox is less dense than air and improves expiratory flow and decreases resistive work of breathing by converting densitydependent turbulent air flow within the airways to laminar flow (13) . Heliox also improves the delivery of aerosolized ␤ 2 -adrenergic agonists to the distal airways, offering additional advantages over conventional albuterol nebulization (14) . Since Barach's initial report, several small series have suggested that heliox decreases the work of breathing and improves respiratory mechanics in both children and adults with status asthmaticus. A recent Cochrane Database review by Rodrigo et al (15) concluded that the existing evidence does not currently support the therapeutic use of heliox-driven albuterol in all patients presenting to the ED with status asthmaticus. Notably, this review included only three pediatric trials enrolling a total of 82 patients (16 -18) . The study by Carter et al (16) assessed the response to heliox alone (not albuterol) and was limited to only 15 mins of heliox therapy. The study by Kim et al (17) randomly assigned children presenting to the ED with moderate-to-severe asthma exacerbations to continuously nebulized albuterol delivered with either heliox (70% helium:30% oxygen) or oxygen alone and demonstrated statistically significant improvement in the pulmonary index score at 240 mins in the heliox group (17) . In contrast, Rivera et al (18) failed to show any benefit to heliox-driven albuterol in 41 children presenting to the ED with asthma.
To our knowledge, there have been no prospective, randomized trials comparing heliox-driven nebulized albuterol with standard care in pediatric inpatients with status asthmaticus. The authors of the Cochrane Database review (15) noted that patients with a moderate-to-severe asthma exacerbation were perhaps more likely to benefit from albuterol delivered with heliox. Accordingly, we hypothesized that heliox-driven albuterol nebulizer therapy would result in a decreased length of stay and more rapid improvement in a standardized asthma severity score in hospitalized children with status asthmaticus.
METHODS
Study Participants. Our study was approved by the Cincinnati Children's Hospital Institutional Review Board and registered on ClinicalTrials.gov (NCT00410150) with approval from the US Food and Drug Administration (FDA-IND 74067). Patients were enrolled following informed consent/assent. Entry criteria for study participants included: age 2 to 21 yrs, history of asthma, modified Becker Clinical Asthma Score (CAS) Ն3 (Table  1) (19, 20) , and admission to the pediatric intensive care unit (PICU) or asthma ward. We specifically excluded children age Ͻ2 yrs to avoid enrolling children admitted to the hospital with wheezing secondary to viral bronchiolitis. Alternative diagnoses associated with wheezing were excluded by history, physical examination, and chest radiograph. Additional exclusion criteria included the need for invasive or noninvasive mechanical ventilation, impending respiratory failure (respiratory acidosis with PaCO 2 Ͼ60 torr, altered mental status, excessive work of breathing), and need for supplemental oxygen with an FIO 2 Ն0.4. We recorded the duration of ED stay (time from initiation of ED triage to departure from ED for admission), time to ED corticosteroids (the time from initiation of ED triage to administration of the medication dose), and time from ED to study enrollment (time from initiation of ED triage to initial delivery of the first study dose medication) for each study subject. An independent Data Safety Monitoring Board performed interval reviews for study safety after enrollment of the first 20 subjects.
Study Protocol. Children were screened for enrollment on admission and assigned a baseline CAS. If eligible, written informed consent/ assent was obtained, and study participants were randomized using a sealed envelope technique in blocks of five using a randomnumber generator. Participants randomized to the heliox group received albuterol (either intermittent or continuous) delivered using a 70% helium/30% oxygen mixture through a nonrebreathing face mask. Control group participants received albuterol delivered using air-oxygen mixtures FIO 2 Յ0.40 through a nonrebreathing face mask. To assure a standard albuterol delivery rate of 15 mg/hr, oxygen flows of 10 L/min and heliox flows of 16 L/min were used.
Each individual scorer was trained in the use of the CAS before the start of the study. The CAS, heart rate, respiratory rate, inspired oxygen concentration, and oxygen saturation as measured by pulse oximetry were recorded at 4-hr intervals by a scorer blinded to treat- Conclusions: Despite the previously demonstrated effects of heliox on improved aerosol particle delivery into the distal airways, heliox-powered nebulized albuterol therapy for children admitted to the hospital with moderate to severe status asthmaticus does not shorten hospital length of stay or hasten rates of clinical improvement when compared with air/oxygen-powered nebulized albuterol. (Pediatr Crit Care Med 2010; 11:356 -361) KEY WORDS: heliox; helium/oxygen; asthma; status asthmaticus; pediatric; hospitalized; length of stay ment group. Additionally, potential adverse events were recorded at 4-hr intervals. The blinded care team dictated albuterol therapy and made decisions regarding weaning/ discontinuation of therapy, escalation of care, and PICU/hospital discharge. Treatment was continued until participants met discharge criteria from the hospital or on discontinuation of albuterol nebulizer therapy. In addition, participants were removed from the study if they developed incipient respiratory failure, the need for either invasive or noninvasive mechanical ventilatory support, or FIO 2 Ͼ0.40 to maintain oxygen saturations Ͼ90%.
The primary outcome variable for the study was the length of hospital stay (time from study enrollment to hospital discharge readiness). Hospital discharge readiness was defined as the time when the participant: 1) maintained room-air oxygen saturations Ͼ90%; and 2) transitioned from intermittent nebulizer treatments to two consecutive metered-dose inhaler treatments spaced Ն4 hrs apart. Secondary outcome variables included the differences between the two groups in: 1) length of time required to reach a CAS Յ3; 2) adverse event rate; and 3) PICU length of stay (time from study enrollment to PICU transfer readiness). PICU transfer readiness was defined as the time when the participant successfully transitioned from continuous albuterol nebulizer therapy to hourly handheld intermittent nebulizer therapy.
Study Gas Setup. The setup of study gas was the same for all participants. To maintain blinded administration of study gas, a 70/30 heliox tank with a regulator and flowmeter was placed in all participants' room. An airoxygen blender (Bird Corporation, Palm Springs, CA) calibrated to Ϯ 2% was connected to both a 100% oxygen source from the wall outlet and the factory calibrated 70/30 heliox cylinder (Praxair, Danbury, CT). Two oxygen flow meters (Precision Medical, Northampton, PA) were attached to the airoxygen blender such that one flow meter supplied gas to power the nebulizer containing the albuterol, whereas the other flow meter supplied gas to a reservoir bag attached to the patient's face mask to provide a constant reservoir of gas to entrain into the face mask. The setup was designed so that whenever the airoxygen blender was set at 21%, all of the gas delivered to the participant was drawn from the 70/30 heliox cylinder, thus delivering 30% oxygen and 70% helium to the participant. If the participant required Ͼ30% oxygen to maintain oxygen saturations Ͼ90%, the airoxygen blender was adjusted accordingly. Participants who required Ͼ40% oxygen to maintain oxygen saturations Ͼ90% were removed from the study. Before the study, the described delivery system was validated through analysis of delivered oxygen concentration with an inline oxygen analyzer. Aerosol therapy was delivered through a small-volume jet nebulizer (Salter Labs 8900 Series Small Volume Jet Nebulizer; Salter Labs, Arvin, CA).
Statistical Analysis. Based on an average hospital length of stay for children with status asthmaticus at our institution of 4.5 Ϯ 1.6 days, an a priori power analysis determined that a sample size of 348 participants (174 participants in each group) would be required to demonstrate a 0.5-day reduction in hospital length of stay in the heliox group with a power of 80% and two-tailed significance level of 0.05. The interim Data Safety Monitoring Board analysis of the first 20 patients showed no safety concerns and recommended that the c time from initiation of ED triage to administration of medication;
d time from initiation of ED triage to initiation of study therapy (control or placebo albuterol delivery). study be continued without modifications. Because of persistently slow enrollment rates, the study was prematurely terminated after 42 study subjects completed the study.
Abstracted data were tabulated in a Microsoft Excel 2003 spreadsheet (Microsoft, Redmond, WA) and analyzed using SigmaStat for Windows (Systat Software, Inc., San Jose, CA). Categorical data, including sex, race, presence or absence of adverse event symptoms, and need for mechanical ventilation, were compared between the two groups using Fisher's exact or chi-square testing. Baseline and final continuous variables such as age, asthma scores, Pediatric Risk of Mortality scores, respiratory rate, heart rate, time to meeting PICU and hospital discharge criteria, and PICU and hospital length of stay were analyzed using the Student's t test for parametric variables and with the Mann-Whitney U test for nonparametric variables. Differences in variables that changed over time such as the change in asthma scores between groups were analyzed using repeated-measures analysis of variance. A p value Յ .05 was considered significant. Values are expressed as mean Ϯ SEM.
RESULTS
The majority of patients were excluded for a CAS Ͻ3 at the time of screening (n ϭ 690) or at rescoring immediately before study enrollment (n ϭ 76). Consent/assent was obtained from 42 eligible children (Fig. 1 ). There were no significant baseline clinical or demographic differences between the two study groups (Table 2) . Importantly, there were no significant differences in baseline CAS in the heliox group vs. the control group: ( Aside from the study gas, treatment was not protocolized and was left to the discretion of the healthcare team. Importantly, there were no differences in the percentage of subjects treated with magnesium (heliox group vs. control group: nine of 22 
(
There were no significant differences in CAS between the two study groups at any time point after randomization (Fig.  2) . The primary outcome variable, hospital length of stay, was not different between the two study groups (heliox group 66.2 Ϯ 8.7 vs. control group 63.4 Ϯ 8.6 hrs; p ϭ .61; Table 3 ). Additionally, there was no difference between groups in the secondary outcome variable of time to CAS Ͻ3 (heliox group 22 Ϯ 2.8 vs. control group 21.2 Ϯ 5.3 hrs; p ϭ .27). The secondary outcome variables of 24-hr CAS and CAS at study end were not different between groups.
We analyzed children admitted to the PICU separately. There were no differences in time to CAS Ͻ3 in the heliox group vs. the control group (24. Table 4 ). The vast majority of patients admitted to the PICU were on continuous nebulized albuterol, permitting analysis of the duration of continuous study gas administration, which was not different between the two study groups (heliox group 25.6 Ϯ 4.6 vs. control group 24.3 Ϯ 5.8 hrs; p ϭ .51).
There were no differences in the rates of adverse events between groups (Table  5 ). There were no cases of dysrhythmia in either group. Five patients exited the study as a result of persistent hypoxemia (two patients in the heliox group and three patients in the control group, p ϭ nonsignificant). However, none of our patients developed incipient respiratory failure or a need for mechanical ventilatory support.
DISCUSSION
Although initial reports suggest potential benefits to heliox in asthmatics, the results of our single-center trial indicate that treatment with heliox-driven nebulized albuterol does not reduce hospital length of stay or hasten time to clinical improvement in hospitalized children with moderate to severe status asthmaticus. Furthermore, in the subset of patients admitted to the PICU requiring continuous nebulized albuterol, there is no benefit from treatment with helioxpowered nebulized albuterol compared with conventional oxygen-powered nebulized albuterol. Based on a previous Cochrane review (15) , our study focused on this sicker population of hospitalized asthmatic children. We prospectively identified patients meeting our study enrollment criteria (CAS Ͻ3) either in the ED or on admission to the inpatient unit or PICU. Over the 19-month study period, we screened Ͼ1200 children for possible study enrollment. The majority of patients excluded from the study were ineligible as a result of a low clinical asthma score (Ͻ3). Importantly, we speculate that this group may represent patients with moderate to severe status asthmaticus that responded to early, conventional treatment in the ED with a subsequent improvement in CAS Ͻ3. We acknowledge that this excludes a large number of patients who may respond early to heliox therapy as reported by Kim et al (17) . Children with status asthmaticus who are admitted to the PICU have a greater degree of peripheral airway obstruction compared with those children who are managed on the hospital ward (15, 21, 22) . Thus, we analyzed the PICU subset of patients and identified no differences in duration of PICU length of stay or duration of continuous gas administration (duration of continuous nebulized albuterol).
Although the results of the current study contradict the study by Kim et al (17) , our results are consistent with previously published, equivocal studies performed in the ED setting, which minimize the benefit of heliox (15, 18) . Some limitations inherent in our study may have contributed to our results. First and foremost, although the current study is the largest pediatric trial involving heliox-powered albuterol in the treatment of asthma published to date, we did not reach our original enrollment target and therefore cannot exclude a type II error. The low enrollment severely underpowered our study and represents a major limitation to our study. Second, although all study subjects were assessed for CAS by an independent investigator not directly involved with patient care, the rest of the healthcare team was not unequivocally blinded to study group assignment and therefore could have been biased in therapeutic decision-making as well as transfer and discharge assessments. Third, study subjects were not randomized until after hospital admission. Previous ED studies randomized children presenting to the ED with moderate to severe asthma exacerbations to continuously nebulized albuterol delivered with either heliox (70% helium:30% oxygen) or oxygen alone. Kim et al (17) showed that the use of heliox-driven albuterol resulted in a shorter length of stay in the ED. The aforementioned study may have demonstrated an effect related to heliox early in the disease process, before corticosteroids exert their maximal antiinflammatory effect (17) . Conversely, the current study enrolled patients after they had received conventional ED care, including corticosteroid therapy, with the average study enrollment occurring approximately 10 hrs after arrival in the ED and Ͼ9 hrs after administration of corticosteroids (Table 2) . We speculate that later in the course of asthma (i.e., the time points examined in this study), the benefit of ␤-agonist delivery lessens as a result of the effect of corticosteroids on airway inflammation. Finally, we used a small-volume jet nebulizer in this study. Corcoran and Gamard (23) previously showed that the use of a large-volume nebulizer in older children and adolescents in whom the minute ventilation requirements exceed the output of smallvolume nebulizers may improve the distal delivery of ␤-agonists and improve the efficacy of heliox.
We were able to examine in detail the risk profile associated with helioxpowered albuterol. Despite the tachyarrhythmia risks associated with improved ␤-agonist delivery to the lung parenchyma (24 -26) , none of the patients in this study experienced tachyarrhythmias. Albuterol is known to drive potassium into the intracellular compartment resulting in hypokalemia. There were no differences between groups in adverse effects, suggesting that heliox is safe for use in this population. Importantly, hypoxemia resulting in withdrawal from the trial occurred in only five subjects, and there were no differences in hypoxemia between the two study groups. Therefore, although the current study was unable to demonstrate an improvement in outcome, it would appear that the use of helium-oxygen mixtures to drive albuterol nebulization is as safe as conventional oxygen-powered nebulized albuterol in this patient population.
The current trial characterizes a population of children with moderate to severe asthma admitted to a large pediatric tertiary care center. Notably, the majority of the patients admitted to the hospital with status asthmaticus who were screened during the study had CAS Ͻ3 at the time of screening. This suggests that most children respond early and effec-tively to standard, conventional ED and initial inpatient therapy. The majority of patients who were enrolled in this study received aggressive management in the ED with continuous nebulized albuterol, ipratropium, intravenous corticosteroids, and often intravenous magnesium sulfate. In addition, we believe that the current study illustrates some of the unique challenges posed by clinical trials in this population. We screened Ͼ1200 patients for participation, although we enrolled only 42 subjects in our trial. We believe that a multidisciplinary approach combining research efforts among ED physicians, pediatric intensivists, and pediatric hospitalists is both warranted and justified. Future clinical trials in the management of status asthmaticus should seek to enroll patients in the ED setting using both admission to the hospital and hospital length of stay as primary outcomes.
In conclusion, we have shown that heliox-powered nebulized albuterol therapy does not reduce the duration of hospitalization nor hasten the time to clinical improvement for children admitted to the hospital with moderate to severe status asthmaticus. Our post hoc analysis demonstrates no measurable benefits to helioxpowered nebulized albuterol in the subset of patients requiring continuous albuterol and admission to the PICU. Based on these data, heliox-powered albuterol cannot be recommended for regular use in the treatment of hospitalized children with moderate to severe status asthmaticus.
CONCLUSION
The physician will gain the knowledge that the use of heliox-powered nebulized albuterol therapy did not hasten rate of clinical improvement or shorten hospital stay, supporting the use of air/oxygenpowered nebulized albuterol.
